(two glaciers), and winter (six mountain valleys). The average BC concentration overall was 2130 ± 1560 ng g -1 in 17 summer samples, 2883±3439 ng g -1 in autumn samples, and 992 ± 883 ng g -1 in winter samples. The average water 18 insoluble OC concentration overall was 1839 ± 1108 ng g -1 in summer samples, 1423 ± 208 ng g -1 in autumn 19 samples, and 1342 ± 672 ng g -1 in winter samples. The overall concentration of BC, OC, and dust in aged snow 20 samples collected during the summer campaign was higher than the concentration in ice samples. The values are 21 relatively high compared to reports by others for the Himalayas and Tibetan Plateau. This is probably the result of 22 taking more representative samples at lower elevation where deposition is higher and the effects of ageing and 23 enrichment more marked. A reduction in snow albedo of 0.1-8.3% for fresh snow and 0.9-32.5% for aged snow was 24 calculated for selected solar zenith angles during daytime using the Snow, Ice, and Aerosol Radiation (SNICAR) 25 model. Daily mean albedo was reduced by 0.07-12.0%. The calculated radiative forcing ranged from 0.16 to 43.45 26 Wm -2 depending on snow type, solar zenith angle, and location. The potential source regions of the deposited 27 pollutants were identified using spatial variance in wind vector maps, emission inventories coupled with backward 28 air trajectories, and simple region tagged chemical transport modelling. Central, South, and West Asia were the 29 major sources of pollutants during the sampling months, with only a small contribution from East Asia. Analysis 30 based on the Weather Research and Forecasting (WRF-STEM) chemical transport model identified a significant 31 contribution (more than 70%) from South Asia at selected sites. Research into the presence and effect of pollutants 32 in the glaciated areas of Pakistan is economically significant because the surface water resources in the country 33 mainly depend on the rivers (the Indus and its tributaries) that flow from this glaciated area. 34
Introduction 35
Carbon is an essential component of atmospheric aerosols, where it appears in the form of black carbon (BC, 36 also known as elemental carbon, EC), and organic carbon (OC). BC is emitted into the atmosphere from incomplete 37 combustion of carbon-based fuels (mainly fossil fuels and biomass) (Jacobson, 2004) , while OC can be directly 38 emitted into or formed in the atmosphere. After deposition on snow and ice surfaces, BC particles significantly 39 reduce the snow albedo (hemispheric reflectance) in the visible part of the electromagnetic spectrum, cause snow 40 albedo feedback (Doherty et al., 2013) , enhance solar radiation absorption (Warren and Wiscombe, 1980) , and 41 accelerate snow melting (Hansen and Nazarenko, 2004) . BC, both in air and deposited on snow, is important in net 42 positive forcing of the climate. Clean snow is one of the most reflective natural surfaces on Earth at the ultraviolet 43 and visible wavelengths, while BC is the most efficient light-absorbing species in the visible spectral range 44 (Horvarth, 1993) . One ng g -1 of BC has almost the same effect on albedo reduction as 100 ng g -1 mineral dust at 500 45 nm wavelength (Warren et al., 1982) . However, the exact amount of albedo reduction also depends on the refractive 46 index, grain size, solar zenith angle (SZA), snow density, dust particle size and concentration, particle morphology, 47 surface roughness, snow depth, liquid water content, snow shape, and topography (Wiscombe and Warren 1985) . 48
Albedo reduction usually results in amplification of the energy absorbed by dirty snow (Painter et al., 2010 ). An 49 albedo feedback is triggered and amplified by deposition of impurities on the snow surface which reduces snow 50 albedo thus accelerating melting and further reducing albedo (Doherty et al., 2013; Flanner et al., 2009 ). Albedo 51 feedback is amplified by the presence of light-absorbing particles (Doherty et al., 2013) 
. Studies conducted in 52
Greenland showed that at visible wavelengths 10 ng g -1 coarse-grained BC particles in aged snow and 40 ng g -1 BC 53 particles in new snow can reduce snow albedo by around 1 to 3% (Warren and Wiscombe, 1985) . 54
Increased BC mass concentration and deposition on the Tibetan glaciers over the last 20 years (Xu et al., 2009a ) 55 have played a significant role in rapid glacier melting in the region Yao et al., 2012) . A high 56 concentration of aerosol has deposited on the snow surface and increased the BC content in snow over the southern 57 edge of the Tibetan Plateau to the north of the Himalayas (Gertler et al., 2016) . The southern slope of the Himalayas 58 is relatively even more exposed to BC due to emissions from India and transport through southwesterly and westerly 59 winds (Xu et al., 2009; Yasunari et al., 2010) . BC deposited on snow in the Himalayan region induces an increase in 60 net shortwave radiation at the snow surface with an annual mean of about 1 to 3 Wm snow is greater than the warming efficiency of other anthropogenic pollutants, including carbon dioxide (Hansen et 65 al., 2005) . Another important characteristic of BC is its higher snowmelt efficiency. The snowmelt efficiency of BC 66 in terms of snow cover fraction and snow water equivalent is larger than that induced by increase in carbon dioxide 67 (Qian et al., 2011) . The annual snow albedo reduction effect due to BC outweighs the aerosol dimming effect 68 (reduction in solar radiation reaching the surface) by a factor of about six over the global snow cover (Flanner et al., 69 
BC, OC and dust concentrations 242
The minimum, maximum, and average concentrations of BC, OC (water insoluble organic carbon), and dust in 243 the ice and snow samples are given in Table 1 concentrations of BC may have been due to the east facing aspect of the glacier shielding it from pollutants 255 transported from west to east. Slope aspect of a glacier is known to be important for snow cover dynamics (Gul et 256 al., 2017) ; dust concentrations are known to vary with slope aspect due to the effects of wind direction on 257
deposition. 258
The highest average concentration of BC was found in autumn samples from the Sachin glacier, and the highest 259 average concentration of OC in summer samples from the same glacier. The average concentration of BC was much 260 greater in autumn than in summer on the Sachin glacier, but somewhat greater in summer than in autumn on the 261 Gulkin glacier, indicating highly spatiotemporal patterns in the deposition of particles. The marked difference on the 262 Sachin glacier may have reflected the difference in the direction of air, which comes from Iran and Afghanistan in 263 summer and the Bay of Bengal via India in autumn, with the generally lower deposition on the Gulkin glacier more 264 affected by other factors (such as slope aspect of the glacier and status of local emissions near the glacier). There 265 was no clear correlation between the average BC concentration in glacier samples and glacier elevation. However, 266
winter snow samples showed a weak increasing trend in average BC with site elevation (Table 1, Figure S3 ). 267
Most summer samples were collected from surface ice ( Figure S2 a) , but a few samples for Gulkin and Sachin 268 were collected from aged snow on the glacier surface ( Figure S2 b,c) . Dust was visible on the relatively aged snow, 269 and the BC and OC concentrations in these snow samples were much higher than those in ice. The highest average 270 9 1). Generally, snow samples collected within 24 hours of a snowfall event were considered as a fresh snow. 272
We analyzed the ratios of OC to BC in the different samples as in atmospheric fractions this can be used as an 273 indicator of the emission source, although apportionment is not simple and only indicative. The BC fraction is 274 emitted during combustion of fossil fuels, especially biomass burning in rural areas in winter, and urban emissions 275 from road transport. The OC fraction can be directly emitted to the atmosphere as particulate matter (primary OC) 276 from fossil fuel emissions, biomass burning, or in the form of biological particles or plant debris; it can also be 277 generated in the atmosphere as gases are converted to particles (secondary OC). In general, lower OC/BC ratios are 278 associated with fossil fuel emissions and higher OC/BC ratios with biomass burning. Overall, there was no clear 279 correlation between BC and OC concentrations in our samples. In most cases, the concentration of OC was greater 280 than the concentration of BC, which might indicate a greater contribution from biomass burning in the emissions, 281 but in a few the concentration of BC was greater than that of OC, which might indicate a greater contribution from 282 coal combustion. The lowest OC/BC ratio of 0.041 was observed in a summer sample from Henarche glacier, and 283 the highest ratio of 5 in a winter sample from Kalam. The higher value at Kalam may indicate greater contributions 284 from biomass burning than from fossil fuel combustion in the region. In summer samples, the average concentration 285 of OC was greater than the average concentration of BC in samples from four of the six glaciers, but it was much 286 lower in Barpu and Henarche. In winter, individual snow samples indicated that concentration of OC was greater 287 than BC at low elevation sites and vice versa; the average OC was greater than average BC at all except the highest 288 elevation site (Table 1) . 289
However, these results should be considered with care. There are a number of factors that can affect the OC/BC 290 ratio in snow and ice samples apart from the concentrations in the atmosphere. Spatio-temporal variability of the 291 OC/BC ratio may indicate the contribution of different sources, seasonal variation, and frequent change in wind 292 direction. In deposited samples, low OC/BC ratios can result from a reduction in OC (Niu et al., 2017) , greater 293 contributions from BC enrichment and OC scavenging, and/or the contribution of different emission sectors 294 (including quantity, combustion conditions, and fuel type). Post deposition processes of scavenging and enrichment, 295 which are influenced by snow melt rate, can cause water soluble OC to be under-represented as meltwater removes 296 OC but not BC, with OC and BC being redistributed primarily by meltwater rather than by sublimation and/or 297 dry/wet deposition. Thus the OC/BC ratio often reflects the impact of dilution of dissolved organic carbon and 298 enrichment of primary organic carbon during snow/ice melting, with differences in OC/BC ratios reflecting 299 differences in the enrichment process. The low OC/BC ratio in the samples from Henarche, the glacier at the lowest 300 elevation, could, for example, be due to preferential washing out of OC particles with meltwater. Overall, there was 301 a higher positive correlation between BC and dust than with OC, suggesting that for BC and dust, particle 302 precipitation and enrichment processes were similar. The method used for analysis and the amount of dust loading 303 on the sample can also affect the OC/BC ratio, as can the presence of metal oxides and calcium carbonate. (Table S2 ). The concentrations of BC in our samples were higher than those reported by many authors 316 (Table S2) August/September, thus the concentration of BC, OC, and dust in our samples would have been increased as melting 326 progressed due to the enrichment in melting snow and scavenging by the melting water. In most cases, snow and ice 327 samples were collected quite a long time after snow fall, and the concentration of pollutants would also have increased 328 in the surface snow and ice due to dry deposition. It seems likely that the pollutants in surface samples would be 329 affected by sublimation and deposition until the next melt season (Yang et al., 2015) . In some of the cases in our study, 330 the average concentration of BC, OC, and/or dust for a particular glacier/site was increased as a result of a single 331 highly concentrated sample, reflecting the wide variation that results from the interplay of many factors. 332
Enrichment is more marked at lower elevations as the temperatures are higher which enhances melting and 333 ageing of surface snow, while deposition also tends to be higher because the pollutant concentrations in the air are Figure S4 ; smoke had the highest frequency (39%), 355 followed by dust (21%), polluted dust (12%), and other (20%). This type of aerosol measurement in the atmosphere 356
was useful for our current study because it provides observation based data over the study region, whereas the other 357 approaches used (such as modeling) were based on interpolation not observation. Pollutant deposition depends on 358 the concentration of pollutants in the atmosphere and the results are consistent with the high concentration of BC 359 (from smoke) and dust particles in the glacier and snow surface samples. 360
Snow albedo reduction 361
The albedo of individual winter snow samples was calculated using the SNICAR model and then averaged for 362 each site (S1 to S6). Figure 3a shows the average for each site across the visible and infrared spectrum. Two sites 363
were chosen for further analysis: S1 (Sost) which had the highest average concentration of BC, and S6 (Kalam) Table S3 . 369
The percentage change in albedo was calculated in absolute terms as the change between albedo values with a 370 pollutant (BC or dust or both) and a reference albedo value with zero pollutants (zero BC and dust concentration). 371 Table 2 shows the calculated percentage reductions in daily minimum, maximum, and mean broadband snow albedo 372 at different MAC values (7.5, 11, 15 m 2 /g) resulting from the average BC, dust, and combined BC and dust 373 concentrations found in samples at each of the sites. The reduction was strongly dependent on BC concentration and 374 almost independent of dust concentration, and increased with increasing MAC value. The results suggest that BC 375 was the dominant forcing factor, rather than dust, influencing glacial surface albedo and accelerating glacier melt. 376 BC was found to play an important role in forcing in the northern Tibetan plateau (Li et al., 2016) , whereas in the 377 central Tibetan plateau and Himalayas, dust played a more important role (Qu et al., 2014; Kaspari et al., 2014) . The 378 MAC value affected the albedo more in the visible range than at 1.2 µm (near infrared) wavelength (Fig 3c,d) . The 379 combined concentration of BC and dust, or BC alone, strongly reduced the snow albedo for a given combination of 380 other input parameters. The effect at the low pollutant site (S6) was small: the values for daytime snow albedo at 381 0.975 μm due to BC, or BC plus dust with different MAC and SZA, ranged from 0.70 to 0.83, with a reduction in 382 daily mean albedo of 1.8 to 2.9%, and those for dust alone from 0.79 to 0.85, with a reduction in daily mean albedo 383 of less than 0.1%. The effect at the high pollutant site (S1) was much more marked: BC or BC and dust reduced 384 daytime snow albedo to values ranging from 0.39 to 0.64, a reduction in daily mean albedo of 8.8 to 12.0%, but the 385 effect of dust alone was still low with values of 0.70 to 0.78, again a reduction in daily mean albedo of less than 386 0.1%. 387
Both the snow albedo and the impact of light absorbing particles depend on a range of factors including the SZA, 388 snow depth, snow grain size, and snow density. For example, the snow albedo reduction due to BC is known to be 389 less in the presence of other light absorbing particles as these will absorb some of the available solar radiation 390 (Kaspari et al., 2011) . The snow albedo calculated for our samples was strongly dependent on the SZA with albedo 391 increasing with decreasing SZA, especially at near infrared wavelengths (Table S3) . 392
The impact of snow ageing was also investigated. The winter samples from S1 (Sost) were aged snow, whereas 393 those from S6 (Kalam) were fresh snow (Table 1, Figure S5 b,c). Not only was dust clearly visible on the surface of 394 the aged snow, the grain size was large and the snow was dense. The aged snow had a much higher concentration of 395 BC and dust, which reduced the albedo, but the extent of reduction is also affected by other factors. Albedo 396 reduction by BC and dust particles is known to be greater for aged snow than for fresh snow (Warren and 397 Wiscombe, 1985) . In our samples, the calculated reduction in snow albedo for high MAC values (15) compared to 398 low MAC values (7.5) was greater in aged snow than in fresh snow (Figure 3b) . The effective grain size of snow 399 increases with time as water surrounds the grains. Snow with larger grain size absorbs more radiation because the 400 light can penetrate deeper into the snowpack, thus decreasing surface albedo (Flanner et al., 2006) . In the melting 401 season, the snowpack becomes optically thin and more particles are concentrated near the surface layer, which 402 further increases the effect on albedo. 403
The estimated reduction in snow albedo by dust and BC (up to 29% of daytime maximum value, Table 2 showed BC, dust, and grain growth to reduce broadband albedo by 11%, 28%, and 61%, respectively, in a snowpack 410 in central Tibet. Dust was the most significant contributor to albedo reduction when mixed inside the snow and ice, 411 or when the glacier was covered in bare ice. In our case BC was a more influential factor than dust during a similar 412 study period to that reported by Li et al. (2017) , indicating that BC plays a major role in albedo reduction. shape and aerosol-snow internal mixing play an important role in snow albedo calculations. 441
Radiative forcing (RF) 442
Radiative forcing (RF) is a measure of the capacity of a forcing agent to affect the energy balance in the 443 14 atmosphere -the difference between sunlight absorbed by the Earth and energy radiated back to space -thereby 444 contributing to climate change. Changes in albedo contribute directly to radiative forcing: a decrease in albedo 445 means that more radiation will be absorbed and the temperature will rise. In snow and ice, the additional energy 446 absorbed by any pollutants present also increases and accelerates the melting rate. We calculated the radiative forcing in the samples assessed for daytime albedo and daily (24h) Table S4 ), indicating 458 that BC was the dominant factor. The radiative forcing due to combined BC and dust was very similar to that for BC 459 alone. In contrast, studies by others have shown higher forcing by dust than by BC based on the optical properties 460 and size distribution of dust particles (Qu et al., 2014) . In our study, the increase in daily mean radiative forcing 461 ranged from 0.1% for dust only at the low pollutant site to 14.9% for BC at the high pollutant site. However, dust 462 forcing varies strongly with dust optical properties, source material, and particle size distribution. The properties for 463 dust are unique in each of the four size bins used in the SNICAR online model. These size bins represent partitions 464 of a lognormal size distribution. We used an estimated size of dust particles and generic dust properties in the model, 465 but some dust particles can have a larger impact on snow albedo than the dust applied here (e.g., Painter et al., 466
2007). 467
Both radiative forcing and albedo reduction increased with decreasing daytime SZA, indicating higher melting at 468 midday compared to morning and evening. Nepal, southwest China, and southern Pakistan; the trend was similar in June with but with a smaller contribution 493 from Nepal and southwest China. In December and January (winter), the western trade winds were stronger than the 494 easterlies and the wind blew from Azerbaijan and northwest Iran, reaching the study site via Syria, Iraq, 495
Turkmenistan, and Afghanistan. 496
Coupled emissions inventory with back air trajectory 497
Trajectory analysis using the HYSPLIT model showed that in May and June 2015 air parcels reached the study 498 site along three different pathways: one from north Asia (Russia) via Central Asia (Kazakhstan), one from western 499 Asia (Cyprus and Syria) via Central and Southern Asia (Georgia), and one via India, which was more local (Figure  500 6). The trajectories in summer had distinct pathways, while those in winter were dispersed in all directions, partially 501 covering West, East, and South Asia, and completely covering Central Asia. Figure 6 shows the product of 502 extinction and emission calculated along the pathways of trajectories calculated using the vertical profile for aerosol 503 extinction over the study region obtained from the monthly CALIPSO satellite-based extinction data. Scattering and 504 absorption decreased exponentially with increasing elevation ( Figure S1 ) but was still visible at elevations above 5 505 km in summer. 506
The RCP emission data combined with back trajectories and extinction data showed that the hotspot regions of 507 pollution that affected the study sites during winter were mainly to the southwest rather than very distant (Figure  508 6b). Iran, Turkmenistan, Azerbaijan, Georgia, the eastern part of Turkey, and the southwestern part of Russia all 509 showed comparatively high pollutant emissions in winter which moved towards northern Pakistan. The western part 510 of Kazakhstan, Uzbekistan, and northeastern Turkey emitted particularly high concentrations of pollutants. 511
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Combination of the back-trajectory results and surface-wind direction analysis indicated that during the sampling 512 months, aerosols were significantly influenced by the long-range transport of pollutants coming from Central and 513
South Asia, with a small contribution from West and East Asia. This differs somewhat from previous reports which 514 suggested that the Tibetan Plateau and Himalayan region are mainly affected by pollutants from East and South Asia 515 (Zhang et al., 2015 ). An increasing trend has been reported for black carbon emissions in Central and South Asia 516 over the past 150 years (Bond et al., 2007) , and a significant increase has been found in black carbon concentrations 517 in glacier snow in west China in the last 20 years, especially during the summer and monsoon seasons (Ming et al.,  518 2008). In South Asia, the largest source of atmospheric black carbon is emission from biomass and biofuels used for 519 cooking and heating (dung, crop residues, wood) (Venkataraman et al., 2005) . 520
The results indicate that only a low level of pollutants (minor contribution) reached the study area from 521 northwest China. BC particles emitted from distant low latitude source regions such as tropical Africa barely reach 522 the Tibetan Plateau and Himalayan regions because their emissions are removed along the transport pathways during 523 the summer monsoon season (Zhang et al., 2015) . 524
Chemical transport modelling 525
The contribution of pollutants from potential source regions was also investigated using the WRF-STEM model 526 with tagged carbon monoxide tracers and source regions of East Asia, South Asia, Central Asia, the Middle East, 527
Europe, the Russian Federation, and West Asia. (The individual countries in the regions are listed in Table S5 ). 528 close to the observation terrain elevation. The model simulations showed Pakistan to be the major contributor of 531 pollutants in summer (77% at Shangla and 43% at Sachin) followed by the South Asian countries; and the south 532
Asian countries in winter (47% at Shangla and 71% at Sachin) followed by Pakistan, which is in line with the 533 findings by Lu et al. (2012) that South Asia contributed 67% black carbon in the Himalayas. There were minor 534 contributions of 2-7% of pollutants from Afghanistan, Iran, Central Asia, and the Middle East, and extremely small 535 amounts from East Asia, Europe, Africa, West Asia, and China. The contribution from Iran, the Middle East, and 536
Europe was greater in winter than in summer, while the contribution from Central Asia and China was greater in 537 summer than in winter. The proportion of daily contributions fluctuated considerably: with higher contributions from 538 Iran, the Middle East, and Europe on individual days in winter, ranging for example from 2-30% for the Middle 539
East. 540
The concentration of hydrophobic BC (BC1), hydrophilic BC (BC2), and total black carbon (BC = BC1 + BC2) 541 given by the model for the Sachin glacier grid point in the summer and winter seasons is shown in the supplemental 542 material ( Figure S7 ). In the model, freshly emitted BC particles are hydrophobic and gradually acquire a 543 hygroscopic coating over time. A time series analysis of BC1 and BC2 concentrations shows the influence of both 544 freshly emitted BC and aged BC reaching the observation location. The highest concentration of BC1 was observed 545 on 20 th December 2015 and the second highest on 25 th June 2015, indicating an influence from freshly emitted air 546 masses in both the summer and winter months. Future studies (BC tracer) will evaluate the details of the different 547 source regions of the BC reaching the glaciers compared to region-tagged CO tracers. 548
Comparison of the different approaches used to identify potential source regions 549
The high BC concentration in the atmosphere over the study region was attributed to long-range transport from 550 urban source regions. Potential source regions of the pollutants deposited on glaciers and snow were identified using 551 wind vector mapping with MERRA-2 reanalyzed data, calculation of back air trajectories using the HYSPLIT-4 552 model, and chemical transport pathways using the WRF-STEM tagged chemical transport model. The back 553 trajectory results indicated that the majority of pollutants in summer were from Central and South Asia, and in 554 winter from Iran, Pakistan, Iraq, Turkmenistan, Azerbaijan, Georgia, Jordan, Syria, Tunisia, Ukraine, Libya and 555
Egypt. The WRF-STEM model indicated that most anthropogenic pollutants were from Pakistan and South Asia 556 during both summer and winter. However, both approaches showed a reasonable contribution from Central Asian 557 countries and limited contribution from East Asian countries in summer. The wind vector maps also indicated that 558 the study site was mostly affected by westerly winds. All three approaches showed a reasonable contribution from 559 neighboring countries such as Afghanistan, Pakistan, Iran, and India in specific months. Overall, the results indicate 560 that South, Central, and West Asia were the major sources of the pollutants detected at the sampling sites. 561
There was some mismatching in source regions among the three approaches. The WRF-STEM model and wind 562 vector maps both identified a small contribution from East Asia, but this was not identified in the back trajectories 563 approach. Similarly, the wind vector maps and back air trajectories showed a dominant contribution from the west, 564 while the WRF-STEM model showed a major contribution from Pakistan and South Asia. The differences in the 565 results obtained by the different methods may be due in part to the complex topography of the region and the 566 different altitudes used by the methods; the coarse resolution of the WRF-STEM model; and differences in the 567 emission source inventories and meteorological parameters used by the WRF-STEM and HYSPLIT-4 models. The 568 limitations of using back trajectories to identify source region is discussed further in a paper by Jaffe et al. (1999) . 569
Furthermore, the atmospheric BC concentration over the Himalayas has significant temporal variations 570 associated with synoptic and meso scale changes in the advection pattern (Babu et al., 2011) concentrations were observed in summer samples collected from the Gulkin and Sachin glaciers, respectively. Dust 587 and other pollutants were clearly visible on aged snow and ice surfaces; the results indicate considerable enrichment 588 during ageing. The pollutant concentrations in our samples were relatively higher than those reported by others in 589 earlier studies, which tended to focus on the accumulation area of glaciers (e.g. ice cores and snow pits), where 590 enrichment influences are less marked and measured values are likely to be lower, and high elevation areas, where 591 deposition of pollutants is expected to be lower. It is likely that pollutant concentrations were underestimated in 592 these earlier studies, particularly when there was strong surface melting. 593
Snow albedo was calculated for winter samples using the SNICAR model with various combinations of BC and 594 dust concentrations, three values for MAC, and a range of values for SZA (57-88.89º during daytime), with other 595 parameters kept constant. BC was the major component responsible for albedo reduction, dust had little effect. The 596 reduction by BC ranged from 2.8 to 32.5% during daytime, which is quite high, with albedo reduced to below 0.6. 597
The reduction was greater for higher concentrations of BC and greater MAC. The reduction in 24 h average albedo 598 ranged from <0.07-2.9% for fresh snow samples and <0.05-12.0% for aged snow. Changes in albedo contribute 599 directly to radiative forcing: a decrease in albedo means that more radiation will be absorbed and the temperature 600 will rise. The radiative forcing by BC was also higher than that caused by dust, indicating that BC was the dominant 601 Pakistan (up to 77%) and South Asia (up to 71%) at selected sites. Overall, the results indicate that Central, South, 616
and West Asia were the major sources of the pollutants detected at the sampling sites, with only a small contribution 617 from East Asia. 618
The overall uncertainty of the BC, and OC concentrations was estimated taking into account the analytical 619 precision of concentration measurements and the mass contribution from field blanks. The uncertainty in the BC and 620 OC mass concentrations was calculated from the standard deviation of the field blanks, the experimentally 621 determined analytical uncertainty, and the projected uncertainty associated with filter extraction. The major source 622 of uncertainty was the effect of dust on the OC/BC measurements. 623
The albedo reduction from OC was not quantified. The contribution of OC to total visible absorption in the top 624 snow layer is relatively small compared to that of BC and dust but has been shown to be significant (~19% of the 625 total solar visible absorption) in several regions including northeastern East Asia, and western Canada (Yasunari et 626 al., 2015) . Snow grain size (snow aging) and snow texture were probably the main sources of uncertainty in the 627 albedo reduction/radiative forcing calculations. The measured grain size was generally different from the effective 628 optical grain size used in the SNICAR modeling, and although snow grain shape was measured, the results were not 629 used in the online SNICAR albedo simulation model, which assumes a spherical shape for snow grains. This could 630 slightly affect the results, because the albedo of non-spherical grain is higher than the albedo of spherical grains 631 (Dang et al., 2016) . 632
The possible uncertainties on the modeling side relate to the use of CO as a tracer for light absorbing particles to 633 identify the source region. Uncertainties are also attributed to errors in the emission inventories, simulated 634 meteorology, and removal processes built into the model. The physics and chemistry of removal of BC and -CO 635 differ, especially in the wet season. However, we analyzed the model during pre-monsoon and relatively dry periods 636 when there should be a relatively good correlation in the transport of CO and BC. The global emission inventories 637 used are unable to capture emissions at a local scale, and the contribution of local sources may also be 638 underestimated by coarse-resolution models. High resolution models and emission inventories at a local scale are 639 required to capture local emissions. 640
Better constrained measurements will be required to obtain more robust results. High resolution satellite imagery, 641 high resolution models, and continuous monitoring will help to reduce the present uncertainty. 642 reviewers, whose reviews were extremely helpful in enhancing the quality of the manuscript. We would also like to 650 convey our gratitude to the editor for smooth handling of the manuscript. 
